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POWER SUPPLY CONTROL SYSTEM FOR
HEATER USED IN GAS SENSOR

BACKGROUND OF THE INVENTION

1. Technical Field of the Invention

The present invention relates generally to a power supply
control system for a heater working to heat a gas sensor such
as a gas concentration sensor up to a desired activation
temperature which may be employed 1n an air-fuel ratio
control system for automotive vehicles for measuring the
concentration of a specified gas component such as O,
NOx, or CO contained 1n exhaust emissions from the engine.

2. Background Art

Air-fuel ratio control for automotive internal combustion
engines 1s typically accomplished using an output of a gas
concentration sensor. Such a gas concentration sensor has a
sensor element which includes a solid electrolyte member
made of zirconia. The sensor element works to measure the
concentration of a given gas component (e.g., oxygen) of
exhaust gasses of the engine. An air-fuel ratio control system
determines an air-fuel ratio as a function of the measured
concentration of the gas component. Ensuring the accuracy
of such a determination requires keeping the sensor element
at a desired activation temperature. This 1s usually achieved
using a heater embedded 1n the sensor element. The amount
of heat generated by the heater 1s regulated, for example, by
changing the duty cycle of a pulse signal used to switching
on and off a power supply to the heater. A feedback control
system 1s proposed which measures the resistance of the
sensor element and achieves the regulation of the power
supply by changing the duty cycle of the pulse signal to
bring the measured resistance to agreement with a target
one.

A heater power supply control system 1s known which
supplies the power to the heater fully (i.e., the duty cycle=
100%) at the startup of the engine, after which a power
supply to the heater 1s changed 1n feedback control as a
function of a difference between an actually measured
resistance of the sensor element and a target one. The
feedback control 1s implemented by, for example, the
so-called PI control using proportional and integral gains. In
the course of activation of the sensor element, that 1s, during
a rise 1n temperature of the sensor element, a difference
between the resistance of the sensor element and the target
value 1s great, so that the integral gain increases gradually.
This results 1n an excessive 1ncrease 1n integral gain when
the resistance of the sensor element reaches the target value,
which leads to overshoot of the resistance of the sensor
clement. The occurrence of such an overshoot results in an
excessive rise 1n temperature of the sensor element, which
may cause damage to the sensor element.

A rapid change 1n ambient temperature of the sensor
clement after the sensor element 1s activated completely will
result 1n a delay i the feedback control, thus leading to
overheating of the sensor element.

SUMMARY OF THE INVENTION

It 1s therefore a principal object of the present invention
to avoid the disadvantages of the prior art.

It 1s another object of the present mnvention to provide a
heater control system for gas concentration sensors which 1s
designed to avoid overheating of a sensor element, thereby
protecting the sensor element against thermal breakage.

According to one aspect of the invention, there is pro-
vided a heater control apparatus for controlling a tempera-
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ture of a heater used to heat a solid electrolyte-made sensor
clement of a gas concentration sensor up to a temperature at
which the sensor element 1s activated to provide a correct
gas concentration output. The heater control apparatus com-
prises: (a) a control circuit working to control a power
supply to the heater up to a desired activation temperature;
(b) a sensor element resistance determining circuit working
to determine a resistance value of the sensor element of the
gas concentration sensor; and (c) a heater control variable
determining circuit determining a heater control variable for
controlling the power supply to the heater in the control
circuit based on a value of an integral term 1n a control
function which 1s determined as a function of a difference
between the resistance value determined by the sensor
clement resistance determining circuit and a target value.
The heater control variable determining circuit puts a limi-
tation on 1ncreasing of the value of the integral term until the
resistance value of the sensor element reaches a preselected
value 1 the course of activation of the sensor element. It the
integral gain 1s increased excessively in the course of
heating of the sensor element from a cold state thereof, 1t
may cause the resistance value of the sensor element to
overshoot the target value, thereby resulting in an excess
increase 1n temperature of the sensor element, leading to
thermal breakage thereof. The heater control apparatus
works to limit the increasing of the value of the integral term
during the activation of the sensor element for avoiding such
a problem.

In the preferred mode of the 1nvention, the heater control
variable determining circuit sets the value of the integral
term to zero until the resistance value of the sensor element
reaches the preselected value.

The heater control variable determining circuit may deter-
mine the heater control variable only using a value of a
proportional term 1n the control function defined 1n propor-
tional plus integral control until the resistance value of the
sensor element reaches the preselected value 1n the course of
activation of the sensor element, after which the heater
control variable determining circuit determines the heater
control variable using both the proportional term and the
integral term.

The heater control variable determining circuit may set
the value of the mtegral term to a value defined near zero
until the resistance value of the sensor element reaches the
preselected value.

The heater control variable determining circuit may reset
the value of the integral term when the resistance value of
the sensor element reaches the preselected value during the
activation of the sensor element.

The heater control variable determining circuit may work
to limit a maximum value of the integral term to a prese-
lected guard value.

The heater control variable determining circuit deter-
mines the heater control variable so as to supply power to the
heater substantially fully at a given 1nitial stage of increasing
temperature of the heater and subsequently determines the
heater control variable using the control function.

The heater control variable determining circuit may
increase at least one of gains of the integral term and a
proportional term 1n the control function defined 1n propor-
tional plus integral control when the resistance value of the
sensor element 1s shifted to a side on which temperature of
the sensor element 1s increased out of a controlled range
defined across the target value.

The heater control variable determining circuit may alter-
natively increase at least one of the gains of the integral term
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and the proportional term based on a temperature-resistance
characteristic of the sensor element within a feedback con-
trolled range 1n which the power supply to the heater 1s
controlled as a function of the difference between the
resistance value determined by the sensor element resistance
determining circuit and the target value.

The gas concentration sensor may be employed to sense
an exhaust gas of an automotive engine.

According to the second aspect of the invention, there 1s
provided a heater control apparatus which comprises: (a) a
control circuit working to control a power supply to a heater
used to heat a solid electrolyte-made sensor element of a gas
concentration sensor up to a temperature at which the sensor
clement 1s activated to provide a desired gas concentration
output; (b) a sensor element resistance determining circuit

working to determine a resistance value of the sensor
element of the gas concentration sensor; and (c) a heater
control variable determining circuit determining a heater
control variable for controlling the power supply to the
heater 1n the control circuit based on values of an integral
and a proportional term of a confrol function used 1n
proportional plug mtegral control which are each determined
as a function of a difference between the resistance value
determined by the sensor element resistance determining
circuit and a target value. The heater control variable deter-
mining circuit increases at least one of gains of the integral
and proportional terms when the resistance value of the
sensor element 1s shifted to a side on which temperature of
the sensor element 1s increased out of a controlled range
defined across the target value.

In the preferred mode of the invention, the heater control
variable determining circuit increases at least one of the
cgains of the integral and proportional terms based on a
temperature-resistance characteristic of the sensor element
within a feedback controlled range 1 which the power
supply to the heater 1s controlled as a function of the
difference between the resistance value determined by the
sensor element resistance determining circuit and the target
value.

The gas concentration sensor may be employed to sense
an exhaust gas of an automotive engine.

According to the third aspect of the invention, there 1s
provided a heater control apparatus which comprises: (a) a
control circuit working to control a power supply to a heater
used to heat a solid electrolyte-made sensor element of a gas
concentration sensor up to a temperature at which the sensor
clement 1s activated to provide a desired gas concentration
output; (b) a sensor element resistance determining circuit
working to determine a resistance value of the sensor
element of the gas concentration sensor; and (c¢) a heater
control variable determining circuit determining a heater
control variable for controlling the power supply to the
heater 1n the control circuit as a function of a difference
between the resistance value determined by the sensor
clement resistance determining circuit and a target value so
as to bring the difference into agreement with the target
value. The heater control variable determining circuit
switches the target value between an 1nitial value and a final
value lower than the initial value during activation of the
sensor element.

In the preferred mode of the invention, the heater control
variable determining circuit switches the target value from
the 1nitial value to the final value when the target value has
first overshot the 1nitial value and reached the initial value
again.

The heater control variable determining circuit may alter-
natively switch the target value from the initial value to the
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final value after an elapse of a preselected period of time
from when the target value reaches the initial value.

The 1niti1al value may be defined within a range of the final
value plus 10€2.

The gas concentration sensor may be employed to sense
an exhaust gas of an automotive engine.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood more fully from
the detailed description given hereinbelow and from the
accompanying drawings of the preferred embodiments of
the 1nvention, which, however, should not be taken to limit
the mvention to the specific embodiments but are for the
purpose of explanation and understanding only.

In the drawings:

FIG. 1 1s a block diagram which shows an air-fuel ratio
control system equipped with a heater control system
according to the first embodiment of the mmvention;

FIG. 2 1s a longitudinal sectional view which shows an
air-fuel ratio sensor in which a heater 1s controlled by the
heater control system of FIG. 1;

FIG. 3 1s a flowchart of a main program performed to
control a power supply to a heater;

FIG. 4 1s a flowchart of a subprogram used to determine
the 1impedance of a sensor element;

FIG. 5 1s a flowchart of a subprogram used to determine
a duty cycle of a heater power supply control signal;

FIG. 6(a) 1s a flowchart of a subprogram used to limit an
integral gain 1n a PI control equation;

FIG. 6(b) is a flowchart of a subprogram used to limit a
duty cycle of a heater power supply control signal;

FIG. 7 1s a graph which shows a relation between a sensor
clement impedance and a sensor temperature;

FIG. 8(a) is an illustration which shows a relation
between an integral gain and a sensor element 1mpedance;

FIG. 8(b) is an illustration which shows a relation
between a proportional gain and a sensor element 1mped-
ance;

FIG. 9 1s a time chart which shows changes 1n duty cycle
of a heater power supply control signal, an 1integral gain, and
a sensor element impedance;

FIG. 10 1s a flowchart of a subprogram used to determine
a duty cycle of a heater power supply control signal accord-
ing to the second embodiment of the invention;

FIG. 11 1s a time chart which shows changes 1n duty cycle
of a heater power supply control signal, an integral gain, and
a sensor element impedance 1n the second embodiment;

FIG. 12 1s a time chart which shows a variation 1n sensor
clement impedance at startup of an engine;

FIG. 13 1s a cross sectional view which shows a first
modification of an air-fuel ratio sensor which may be used
in an air-fuel ratio control system;

FIG. 14(a) is a cross sectional view which shows a second
modification of an air-fuel ratio sensor which may be used
in an air-fuel ratio control system; and

FIG. 14(b) 1s an illustration taken along the line B—B in
FIG. 14(a).

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to the drawings, wherein like numbers
refer to like parts 1n several views, particularly to FIG. 1,
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there 1s shown a gas sensor control system according to the
first embodiment of the mvention which 1s installed 1n an
air-fuel ratio measuring device 15 used with an air-fuel ratio
control system for automotive vehicles. The air-fuel ratio
control system 1s designed to control the quantity of fuel
injected into an internal combustion engine as a function of
an output of the air-fuel ratio measuring device 15 under
feedback (F/B) control to bring the air-fuel ratio into agree-
ment with a target value. The air-fuel ratio measuring device
15 measures the concentration of oxygen (O,) contained in
exhaust gasses of the engine using an output of a limiting
current oxygen sensor 30 (will be referred to as an A/F
sensor below) and determines an air-fuel ratio. The air-fuel
ratio measuring device 15 also has installed therein a heater
control system which works to determine the impedance of
a sensor element of the A/F sensor 30 and control the power
supply to a heater built 1n the A/F sensor 30 for ensuring
desired activation of the A/F sensor 30.

In FIG. 1, the air-fuel ratio measuring device 15 mcludes
a microcomputer 20. The microcomputer 20 communicates
with an electronic control unit (ECU) 16 which works as an
engine conftrol unit and performs a fuel injection control
operation and an 1gnition control operation. The A/F sensor
30 1s mstalled 1 an exhaust pipe 13 extending from a body
11 of the engine 10 and responsive to application of voltage
from the microcomputer 20 to output an limiting current
signal whose level changes linearly in proportion to the
concentration of oxygen contained in the exhaust gasses.

The microcomputer 20 consists essentially of a CPU, a
ROM, a RAM, etc. and executes a given control program to
control a bias control circuit 24 and a heater control circuit
26 as will be described later in detail. The microcomputer 20
connects with a terminal +B of a storage battery mnstalled in
the vehicle and operates with a power supply therefrom.

The A/F sensor 30 1s implemented by a so-called lami-
nated sensor made of a lamination of a sensor element and
a heater.

An 1internal structure of the A/F sensor 30 will be
described with reference to FIG. 2. FIG. 2 1s a longitudinal
sectional view as taken along a line extending 1n a length-
wise direction of the A/F sensor 30. The A/F sensor 30 1s
made of a lamination of a solid electrolyte layer 31, a porous
diffusion resistance layer 34, a gas shield layer 35, a spacer
36, and a heater substrate 38. The solid electrolyte layer 31
1s formed by an oxygen 1on conductive layer made of a
partially stabilized zirconia and has installed on opposed
surfaces thereof a target gas electrode 32 and a reference gas
clectrode 33. The target gas electrode 32 1s exposed to a
target gas or exhaust gases of the engine 10. The reference
gas electrode 33 1s exposed to the air within a reference gas
chamber 37. The air 1s used as a reference gas in determi-
nation of concentration of oxygen contained in the exhaust
gasses. The porous diffusion resistance layer 34 1s made of
an alumina ceramic having a porosity of approximately
10%. The gas shield layer 35 1s made of a dense alumina
ceramic impermeable to gasses. The spacer 36 1s made of a
dense alumina ceramic which has an electric 1solation prop-
erty and 1s impermeable to gasses. The spacer 36 has formed
therein a groove 36a working as the reference gas chamber
37. The heater substrate 38 1s attached to the spacer 36 which
has a heater 39 disposed 1n a surface thereof. The heater 39
1s made of a resistance element which generates heat with a
power supply.

Referring back to FIG. 1, the air-fuel ratio measuring,
device 15 also mncludes a D/A converter 21, a low-pass filter
22, and an A/D converter 23. The microcomputer 20 pro-
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vides a bias command signal Vr to the D/A converter 21 for
applying the voltage to the A/F sensor 30. The D/A converter
21 converts the mput mnto an analog signal V1 and outputs
it to the low-pass filter 22. The low-pass filter 22 removes
high-frequency components from the analog signal V1 to
produce a voltage signal V2 which 1s, 1n turn, inputted to the
bias control circuit 24. The bias control circuit 24 1s respon-
sive to the voltage signal V2 to selectively apply an air-fuel
ratio measuring voltage and a sensor element 1mpedance
measuring voltage, as will be described later 1n detail, to the
A/F sensor 30. Speciifically, when 1t 1s required to measure
the air-fuel ratio using the A/F sensor 30, the voltage
selected as a function of the measured air-fuel ratio 1is
applied to the A/F sensor 30. Alternatively, when 1t 1s
required to measure the impedance of a sensor element (i.¢.,
the solid electrolyte layer 31) of the A/F sensor 30, the
sensor element impedance measuring voltage having a given
frequency and a given time constant 1s applied to the A/F
sensor 30 1n the form of a single shot. The impedance of the
sensor element will also be refereed to as a sensor element
impedance below.

The bias control circuit 24 includes a current measuring,
circuit 25. The A/F sensor 30, when applied with the voltage,
produces a limiting current as a function of an oxygen
content 1n exhaust gasses. The current measuring circuit 25
measures the limiting current outputted from the A/F sensor
30. An output of the current measuring circuit 235 1s inputted
to the microcomputer 20 through the A/D converter 23.

The heater control circuit 26 works as a heater driver
which 1s responsive to a heater control signal provided in the
form of a pulse signal by the microcomputer 20 to control a
power supply to the heater 39. Specifically, the microcom-
puter 20 controls the duty cycle of the heater control signal
as a function of the sensor element impedance of the A/F
sensor 30. The heater control circuit 26 1s responsive to the
heater control signal to change an on-time for which the
heater 39 1s turned on or energized to regulate the quantity
of power supplied to the heater 39.

The operation of the air-fuel ratio measuring device 15
will be described below.

FIG. 3 1s a flowchart of a maim program performed by the
microcomputer 20 upon turning on thereof.

After entering the program, the routine proceeds to step
100 wherein 1t 1s determined whether a preselected period of
time Ta has passed since previous measurement of the
air-fuel ratio or not. The preselected period of time Ta
corresponds to a measurement cycle of the air-fuel ratio and
1s, for example, 4 msec. If a NO answer 1s obtained 1n step
100, then the routine repeats step 100. Alternatively, 1f a
YES answer 1s obtained, then the routine proceeds to step
110 for measuring the air-fuel ratio.

In step 110, the microcomputer 20 applies the voltage
across the electrodes 32 and 33 of the A/F sensor 30 to
measure a sensor current (1.e., a limiting current) flowing
therethrough using the current measuring circuit 25, deter-
mines an input voltage as a function of the sensor current,
and applies 1t across the electrodes 33 and 34 of the A/F
sensor 30. The microcomputer 20 converts the sensor cur-
rent mto a corresponding air-fuel ratio by look-up using a
orven current-A/F ratio map and outputs 1t to the ECU 16.

The routine proceeds to step 120 wherein 1t 1s determined
whether a preselected period of time Tb has passed or not
since the sensor element impedance ZAC, as will be dis-
cussed later 1n detail, was measured previously. The prese-
lected period of time Tb corresponds to a measurement cycle
of the sensor element 1impedance ZAC and i1s determined
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depending upon, for example, operating conditions of the
engine 10. For example, when the engine 10 is in a normal
operating condition in which a change 1n air-fuel ratio 1s
relatively small, Tb=2 sec. When the engine 10 1s 1n a
start-up and transient conditions in which the air-fuel ratio
changes greatly, Tb=128 msec.

If a YES answer 1s obtained in step 120, then the routine
proceeds to step 130 wherein the sensor element impedance
ZAC 1s determined using a so-called sweep method. The
routine proceeds to step 140 wherein a power supply to the
heater 39 1s controlled. Alternatively, 1f a NO answer 1s
obtained 1n step 120, then the routine returns back to step
100. The operations 1n step 130 and 140 will be discussed 1n
detail below with reference to FIGS. 4 and 5, respectively.

After entering step 130, the routine proceeds to step 131
shown 1n FIG. 4 wherein the output of the bias command
signal Vr 1s controlled to change a voltage Vp now provided
to the A/F sensor 30 to the positive side instantaneously,
thereby applying the sensor element impedance measuring
voltage to the A/F sensor 30. The applied duration of the
sensor element impedance measuring voltage 1s several tens
to one hundred usec. 1n light of frequency characteristics of

the A/F sensor 30.

The routine proceeds to step 132 wherein a change a AV
in voltage Vp and a change Al 1n sensor current measured by
the current measuring circuit 25 are determined. The routine
proceeds to step 133 wherein the sensor element impedance
ZAC 1s calculated using the voltage change AV and the
current change Al according to the relation of ZAC=AV/AI
The routine returns back to the program of FIG. 3.

The measurement of the sensor element impedance ZAC
1s, as discussed above, achieved by elevating the voltage Vp
being applied to the A/F sensor 30 instantancously to
produce the sensor element impedance measuring voltage
having a given time constant. After the elapse of a given time
following application of the sensor element 1impedance
measuring voltage to the A/F sensor 30, the peak of a current
output from the A/F sensor 30 appears. This rise 1n the
current output 1s measured as the current change Al and used
to determine the sensor element impedance ZAC along with
the voltage change AV. The application of the sensor element
impedance measuring voltage to the A/F sensor 30 1s accom-
plished through the low-pass filter 22 and the bias control
circuit 24, thereby avoiding an excessive rise in the current
output from the A/F sensor 30, which results in 1mproved

measurement accuracy of the sensor element impedance
ZAC.

The determination of the sensor element impedance ZAC
may alternatively be accomplished by producing a change in
current flowing through the A/F sensor 30 and measuring a
resulting change 1n voltage applied across the A/F sensor 30.

The sensor element impedance ZAC bears a relation, as
shown 1n a graph of FIG. 7, to the temperature of the sensor
clement. The graph shows that the sensor element 1imped-
ance ZAC increases greatly as the temperature of the sensor
clement decreases.

The control of power supply to the heater 39 performed in
step 140 1n FIG. 3 will be described below with reference to
FIG. 5. The microcomputer 20 works to regulate the power
supply to the heater 39 through the heater control circuit 26
under feedback control as a function of a difference between
a value of the sensor element impedance ZAC and a target
one. Specilically, the microcomputer 20 performs the
so-called PI (Proportional plus Integral) control using a
proportional term (P) and an integral term (I) of an IP control
function as calculated cyclically. Proportional and integral
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cgains are changed as a function of the value of the sensor
clement impedance ZAC. Of course, the microcomputer 20
may alternatively employ the so-called PID control function.

The determination of the integral and proportional gains
in the microcomputer 20 will be described with reference to

FIGS. 8(a) and 8(b).

A controlled range of the sensor element impedance ZAC
1s defined across an 1mpedance target value ZACtg. For
instance, 1f the impedance target value ZACtg 1s 2882, the
impedance controlled range 1s defined between 26€2 to 30€2
(i.e., ZACtg+2€2). When the sensor element impedance
Z.AC 1s lower than the impedance controlled range, that 1s,
on a side where the temperature of the sensor element 1s
higher than that within the impedance controlled range, the
integral and proportional gains are set to greater values for
avolding excessive rising of the temperature of the sensor
clement. THI1, as indicated in the drawings, 1s a lower limait
of the impedance controlled range (i.e., TH1=26£2) which is
used as a threshold value 1n switching the gains. The PI
control may be performed 1n this embodiment by modifying
at least one of the proportional gain and the integral gain as
a function of the sensor element impedance ZAC.

TH2, as indicated in FIG. 8(a), is a threshold value

through which the sensor element 1mpedance ZAC passes
when 1t 1s dropping during activation of the sensor element
of the A/F sensor 30. When the sensor element impedance
ZAC 1s higher than the threshold value TH2, the integral
cgain 1S limited to zero or a minimum possible value. The
threshold value TH1 1s 48€2 1n this embodiment.

The microcomputer 20 of this embodiment 1s designed to
change the proportional and integral gains of PI control
parameters using the gain-impedance maps, as 1llustrated in
FIGS. 8(a) and 8(b), to control the power supply to the
heater 39 under feedback control. Specifically, the micro-
computer 20 controls the power supply to the heater 39
through the heater control circuit 26 1 three control modes
I, II, and III, as discussed below, upon variation in sensor
clement impedance ZAC, for example, after the A/F sensor
30 1s turned on. In mathematical equations, as referred to
below, Kpl and Kp2 are constants of proportion, 1.c.,
proportional gains. Kp2 1s approximately twice Kpl. Ki 1s
an 1ntegration constant, 1.e., integral gain.

First Control Mode 1

When the sensor element impedance ZAC 1s higher than
the threshold value TH2 (i.e., 48€2), that is, when the
temperature of the sensor element 1s low, the microcomputer
20 determines the duty cycle Duty of the heater control
signal (i.e., the amount of power supply to the heater 39)
only using the proportional term according to an equation
below.

Duty=Kp1x(ZACtg—ZAC) (1)

Second Control Mode 11

When the sensor element impedance ZAC falls within a
range of THI1 to TTH2 (i.e., 2682 to 48€2), the microcom-
puter 20 determines the duty cycle Duty of the heater control
signal using both the proportional constant Kpl and the
integral constant Ki according to an equation below.

Duty=Kp1x(ZACtg-ZAC)+Z{Kix(ZACtg—-ZAC)} (2)

Third Control Mode III
When the sensor element impedance ZAC 1s less than or

equal to the threshold value TH1 (i.e., 26€2), the microcom-
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puter 20 determines the duty cycle Duty of the heater control
signal using the proportional constant Kp2 and the integral
constant Ki according to an equation below.

Duty=Kp2x(ZACtg-ZACHZ{Kix(ZACtg-ZAC)} (3)

The control of power supply to the heater 39 performed in
step 140 of FIG. 3 will be described below 1n detail with
reference to a subroutine of FIG. 5.

First, 1n step 141, 1t 1s determined whether a condition in
which the control of power supply to the heater 39 should be
initiated 1s met or not. For example, 1t 1s determined whether
the sensor element impedance ZAC 1s greater than or equal
to a given threshold value TTH3 of 658 or not.
Alternatively, 1t 1s determined whether the elapsed time from
start-up of the engine 10 still lies within a given time range
or not. Usually, immediately after start-up of the engine 10,
the temperature of the A/F sensor 30 1s low. In this case, the
sensor element impedance ZAC 1s higher than the threshold
value TH3. A YES answer 1s, thus, obtained 1n step 141
meaning that the control of power supply to the heater 39
should be imitiated, and the routine proceeds to step 142
wherein a duty cycle-controlled signal (i.e., the heater con-
trol signal), which will also be referred to as a heater power
supply control signal below), provided to turn on and off the
heater control circuit 26 1s kept 1n duty cycle at 100% to
supply the power to the heater 39 fully.

Alternatively, 1f the temperature of the sensor element has
already risen, a NO answer 1s obtained 1n step 141. The
routine, thus, proceeds to step 143 wherein 1t 1s determined
whether the sensor element impedance ZAC 1s smaller than
the threshold value TH2 (i.e., 48€2) or not. If a YES answer
1s obtained, then the routine proceeds to step 144 wherein 1t
1s determined whether the sensor element impedance ZAC 1s
smaller than the threshold value TH1 (i.e., 26€2) or not. If a
YES answer 1s obtained, then the routine proceeds to step
147.

If a NO answer 1s obtained in step 143 meaning that
ZAC=TH2, then the routine proceeds to step 145 wherein
the duty cycle Duty of the power supply control signal (i.e.,
the heater control signal) 1s determined using Eq. (1), as
described above. The routine proceeds to step 149 wherein
a guard operation, as shown in FIG. 6(b), is performed on the

duty cycle Duty, as determined 1n step 145 and then returns
back to the routine of FIG. 3.

In step 149a of FIG. 6(b), it is determined whether the
duty cycle Duty 1s higher than or equal to a given upper limait
(i.c., a guard value) or not. If a YES answer is obtained, then
the routine proceeds to step 1495 wherein the duty cycle
Duty 1s guarded with the upper limit. Specifically, a maxi-
mum value of the duty cycle DUTY 1s restricted to the upper
limat.

If a NO answer 1s obtained in step 144 meaning that
TH1=7ZAC<TH2, then the routine proceeds to step 146
wherein the duty cycle Duty of the power supply control
signal is determined using Eq. (2), as described above.

If a YES answer 1s obtained 1n step 144 meaning that
ZAC<THI1, then the routine proceeds to step 147 wherein
the duty cycle Duty of the power supply control signal is
determined using Eq. (3), as described above.

After step 146 or 147, the routine proceeds to step 148
wherein the value of the integral term 2Ki (ZACtg-ZAC),
as determined 1n step 146 or 147, 1s guarded 1n a subroutine
as illustrated in FIG. 6(a). In step 148a, it is determined
whether the value of the integral term of the IP control
equation 1s higher than or equal to a gwen upper limit (i.e.,
a guard value) or not. If a YES answer is obtained, then the
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routine proceeds to step 148b wherein the value of the
integral term 1s guarded with the upper limit. Specifically, a
maximum value of the integral term 1s restricted to the upper
limit. After such restriction of the integral term, the duty
cycle Duty of the power supply control signal 1s
re-calculated. The operation in step 148 may alternatively be
performed within each of steps 146 and 147 to determine the
duty cycle Duty of the power supply control signal using the
restricted value of the integral term or for a following
program cycle without re-calculating the duty cycle Duty
using the restricted value of the itegral term 1n this program
cycle.

After step 148, the routine proceeds to step 149 wherein
the above described guard operation 1s performed on the
duty cycle Duty.

The guard values (i.e., the upper limits) used in step 148
and 149 may be determined as a function of the temperature
of the sensor element, respectively. For example, when the
sensor element impedance ZAC 1s shifted out of the con-
trolled range to the lower-impedance side, that 1s, when the
temperature of the sensor element 1s increased, and a YES
answer 15 obtained in step 144, the guard value may be
decreased.

If the sensor element impedance ZAC rises above the
threshold value TH2 (i.e., 48€2) due to a drop in temperature
of exhaust gas of the engine 10 after the A/F sensor 30 1is
activated once, the A/F sensor 30 may become inactivated.
In this case, when the sensor element impedance ZAC drops
below the threshold value TTH2 again, the value of the
integral term of the PI control equation, as cumulated so far,
1s preferably reset to zero in supplying the power to the
heater 39 to reactivate the A/F sensor 30. In practice, when
a condition of ZAC<TH2 1s encountered, that 1s, a YES
answer 1s obtained in step 143 for the first time, the value of
the 1ntegral term 1s reset to zero or a value preselected near
ZETO.

FIG. 9 illustrates a relation among the duty cycle Duty of
the heater power supply control signal, the value of the
integral term of the IP control equation, and the sensor
clement impedance ZAC when the engine 10 1s 1n the startup
mode, that 1s, when the A/F sensor 30 1s being activated.

Immediately after the engine startup, the duty cycle Duty
of the heater power supply control signal 1s set to 100% to
supply the power to the heater 39 tully. After time t1 when
a condition ZAC=TH3 (i.e., 65€2) is encountered, the power
supply to the heater 39 1s controlled 1n the feedback mode.
Specifically, after time t1, the duty cycle Duty of the heater
power supply control signal 1s determined only using the
proportional term while keeping the value of the integral
term at zero (0). At time t2 when a condition of ZAC<TH2
1s encountered, the value of the integral term starts to be
calculated. Specifically, after time t2, the PI control is
initiated using both the proportional and integral terms 1n the
IP control equation. Between times t1 and t3, the duty cycle
Duty 1s guarded 1n the manner as described above. At time
t3 when the sensor element impedance ZAC drops below the
target value ZACtg, a difference between the sensor element
impedance ZAC and the target value ZACtg 1s reversed 1n
orientation or sign. After time t3, the duty cycle Duty of the
heater power supply control signal 1s decreased away from
the guard value.

In the course of activation of the A/F sensor 30, the value
of the integral term 1ncreases undesirably, thus resulting in
overshoot of the sensor element impedance ZAC. This
problem 1s, however, eliminated 1n this embodiment by
limiting the value of the integral term to the guard value.

If the engine 10 undergoes a fuel cut after completion of
activation of the A/F sensor 30, 1t will cause the temperature
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of the sensor element to drop instantaneously due to a drop
in temperature of exhaust gas. In this case, the duty cycle
Duty of the heater power supply control signal 1s determined
in this embodiment using the values of the integral and
proportional terms as derived so far. This ensures the sta-
bility of control of the heater 39 even if such an instanta-
neous change 1n temperature arises.

As apparent from the above discussion, the gas sensor
control system of this embodiment works to eliminate an
excessive rise 1n temperature of the sensor element when
activating the sensor element, thereby protecting the sensor
clement against thermal breakage.

Further, when the sensor element impedance ZAC 1s
shifted out of the controlled range due to, for example, a rise
in temperature of exhaust gas of the engine 10 after the A/F
sensor 30 1s activated once, the microcomputer 20 1ncreases
the proportional gain to accelerate convergence of the sensor
clement 1mpedance ZAC on the target value ZACtg. This
avolds thermal overheating of the sensor element of the A/F
sensor 30 after activation thereof.

FIG. 10 shows the heater power supply control performed
in step 140 of FIG. 3 according to the second embodiment
of the mvention.

First, 1n step 161, 1t 1s determined whether a condition in
which the control of power supply to the heater 39 should be
initiated 1s met or not 1n the same manner as 1n FIG. 5. If a
YES answer 1s obtained, the routine proceeds to step 162
wherein the heater power supply control signal whose duty
cycle 1s approximately 100% 1s provided to supply the
power to the heater 39 fully.

If a NO answer 1s obtained 1n step 161. The routine
proceeds to step 163 wherein 1t 1s determined whether the
sensor element impedance ZAC 1s smaller than the threshold
value TH1 (1.e., 26£2) or not. If a NO answer is obtained
(ZAC>TH1), then the routine proceeds to step 164 wherein
the duty cycle Duty of the power supply control signal is
determined using Eq. (2), as described above. Alternatively,
if a YES answer is obtained (ZAC<TH1), then the routine
proceeds to step 165 wherein the duty cycle Duty of the
power supply control signal 1s determined using Eq. (3), as
described above.

After step 164 or 165, the routine proceeds to step 166
wherein the value of the integral term 2Ki (ZACtg—-ZAC) 1s
cguarded 1n the same manner as 1n step 148 of FIG. 5.

The routine proceeds to step 167 wherein the value of the
duty cycle Duty 1s guarded in the same manner as 1n step 149
of FIG. 5.

FIG. 11 illustrates a relation among the duty cycle Duty
of the heater power supply control signal, the value of the
integral term of the PI control equation, and the sensor
clement impedance ZAC when the engine 10 1s 1n the startup
mode 1n the second embodiment.

Immediately after the engine startup, the duty cycle Duty
of the heater power supply control signal 1s set to 100% to
supply the power to the heater 39 fully. After time t11 when
a condition ZAC=TH3 (i.e., 65€2) is encountered, the power
supply to the heater 39 1s controlled 1n the feedback mode.
Specifically, after time t1, the value of the integral term starts
to be calculated. The duty cycle Duty of the heater power
supply control signal 1s determined using the proportional
and integral terms 1n the PI control equation. A maximum
value of the integral term 1s limited to the guard value in
order to avoid the overshooting of the sensor element
impedance ZAC. At time t12, the sensor element impedance
ZAC drops below the target value ZACtg, so that a ditfer-
ence therebetween 1s reversed 1n orientation or sign. After
time t12, the values of the mtegral term and the duty cycle
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Duty of the heater power supply control signal are decreased
away from the guard values, respectively.

The gas sensor control system according to the third
embodiment will be described below which 1s designed to
determine the target value of the sensor element impedance
Z.AC 1n two steps during transition of the A/F sensor 30 from
an 1nactivated to activated status. Specifically, the sensor
clement impedance ZAC 1s brought into agreement with two
target values: initial target value TG2 and final target value
TG1 m a stepwise fashion. The final target value TG1 1s
28€2. The 1nitial target value TG2 1s set higher than TG1. For
instance, the initial target value TG2 1s TG1 plus 5€2 (=33€2).
Other arrangements and operations of the gas sensor control
system of this embodiment are identical with those 1n the
first embodiment, and explanation thereof 1n detail will be
omitted here.

FIG. 12 1llustrates a change 1n the sensor element imped-
ance ZAC when the engine 10 1s 1n the startup mode 1n the
third embodiment.

At an 1nitial stage of heating the sensor element of the A/F
sensor 30, the heater control circuit 26 increases the tem-
perature of the sensor element through the heater 39 so that
the sensor element 1impedance ZAC may be brought into
agreement with the initial target value TG2. Upon reading,
the initial target value TG2 at time ta, the sensor element
impedance ZAC overshoots instantaneously and returns
back to 1t again at time tb. At time tb, the target value of the
sensor element impedance ZAC 1s switched from TG2 to
TG1. This causes the sensor element impedance ZAC to be
converged on the final target value TG1 after time tb.

The switching of the 1nitial target value TG2 to the final
target value TG1 may alternatively be made after the elapse
of a predetermined period of time (e.g., a few seconds) from
when the sensor element impedance ZAC reaches the 1nitial
target value TG2.

The two-step control of the sensor element impedance
ZAC 1 this embodiment serves to converge the sensor
clement 1impedance ZAC at the final target value TGl
without overshooting, thereby avoiding an excessive rise 1n
temperature of the sensor element when the A/F sensor 30 1s
activated.

The 1nitial target value TG2 1s preferably defined within
a range of the final target value TG1 plus 10€2. The differ-
ence between the 1nitial target value TG2 and the final target
value TG1 may be determined 1n light of an overshoot of the
sensor element impedance ZAC.

Two or more 1nitial target values may be provided. For
instance, 1n a case where the final target value TG1 1s 28€2,
the target value of the sensor element impedance ZAC may
be switched from 34€2 to 31€2 and to 28€2.

The 1nvention may be embodied 1n modifications as
discussed below.

In the first embodiment, the duty cycle Duty of the heater
power supply control signal 1s determined without use of the
integral term of the PI control equation until the sensor
clement impedance ZAC reaches the threshold value TH2.
In other words, the integral gain is set to zero (0) until the
sensor element impedance ZAC reaches the threshold value
TH2. The integral gain, however, may be set to a smaller
value preselected near zero (0).

In the first embodiment, the P control 1s performed only
using the proportional term of the PI control equation until
it 1s decided that the sensor element impedance ZAC reaches
the threshold value TH2, after which the PI control on which
both the proportional and integral terms reflect 1s 1nitiated,
but however, the PI control may be 1nitiated after the elapse
of a predetermined time period from the start of the P
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control. The time the PI control should be mitiated may be
determined based on results of tests.

In the above embodiments, the proportional gain 1s
increased (in steps 146 and 147 of FIG. 5) when the sensor
clement impedance ZAC 1s lower than the controlled range
thereol, that 1s, when the temperature of the sensor element
1s higher than a range corresponding to the controlled range,
however, only the integral gain or both the proportional and
integral gains may alternatively be increased.

The A/F sensor 30 has a temperature characteristic, as
shown 1n FIG. 7, in which a change 1n temperature of the
sensor element results 1n a change 1n sensor element 1imped-
ance ZAC. Therefore, within the F/B controlled range of the
sensor element impedance ZAC, either or both of the
proportional and integral gains of the PI control equation
may be increased as the sensor element impedance ZAC
decreases.

The mathematical determination of the duty cycle Duty of
the heater power supply control signal may be made by
using a basic term which 1s defined 1n the PI control equation
and includes a parameter of the sensor element impedance
ZAC. For instance, the value of the basic term 1s determined
by look-up using a map or mathematical calculation so that
it increases with a decrease 1n sensor element 1impedance
ZAC. The values of the proportional and integral terms are
added to the value of the basic term to determine the duty
cycle Duty of the heater power supply control signal (i.e.,
Duty=basic term+proportional term+integral term). In this
case, the duty cycle Duty may be determined only using the
value of the basic term until the sensor element impedance
ZAC reaches a preselected value of the 1impedance of the
sensor element during thermal activation, after which 1t may
be determined by adding the value of the integral term to that
of the basic term.

The A/F sensor 30 may be replaced with one as illustrated
either in FIG. 13 or FIGS. 14(a) and 14(b) which may have
a single or multi-sensor cell structure designed to measure
the concentration of nitrogen oxide (NOx), hydro carbon
(HC), and/or carbon monoxide (CO).

The A/F sensor 100, as 1llustrated in FIG. 13, includes an
oxygen pump cell 101, an oxygen sensor cell 102, and a
heater layer 103 which are laid to overlap each other through
spacers 104 and 105. The oxygen pump cell 102 1s made up
of a solid electrolyte layer 121 and a pair of pump electrodes
122 and 123 attached to opposed surfaces of the solid
clectrolyte layer 121. The oxygen sensor cell 102 1s made up
of a solid electrolyte layer 124 and a pair of sensor elec-
trodes 125 and 126 attached to opposed surfaces of the solid
clectrolyte layer 124.

The spacers 104 and 105 are each made of an insulating,
material such as ceramic and have formed therein a mea-
surement gas chamber 127 mto which exhaust gasses of the
engine 10 are admitted and an air chamber 128 into which
the air 1s admitted as a reference gas, respectively. The
heater layer 103 1s made up of upper and lower insulating
sheets 131 and 132 and a heating element 133 printed
between the sheets 131 and 132.

The exhaust gasses of the engine 10 are introduced mto
the measurement gas chamber 127 through a diffusion path
129. The oxygen pump cell 101 works to produce an electric
current as a function of the concentration of oxygen mol-
ecules (O, ) contained the exhaust gasses. The oxygen sensor
cell 102 produces an electromotive force as a function of the
concentration of oxygen contained in the exhaust gasses
introduced into the measurement gas chamber 127. The
voltage 1s applied across the pump electrodes 122 and 123
to bring the electromotive force produced by the oxygen
sensor cell 102 into agreement with a constant value.
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The A/F sensor 150, as illustrated in FIGS. 14(a) and
14(b), includes an oxygen pump cell 151, an oxygen sensor
cell 152, and an oxygen concentration cell 153. The oxygen
pump cell 151 1s made of a solid electrolyte layer 154. The
oxygen sensor cell 152 and the oxygen concentration cell
153 are made of a solid electrolyte layer 155. The solid
clectrolyte layers 154 and 155 are laid to overlap each other
through a diffusion resistance layer 157. A solid electrolyte

layer 156 1s also attached to the solid electrolyte layer 155.
The solid electrolyte layers 154 and 155 and the diffusion

resistance layer 157 define a measurement gas chamber 158
into which the exhaust gasses of the engine 10 are intro-
duced through the diffusion resistance layer 157.

The oxygen pump cell 151 has a pair of electrodes 161
and 162 formed on opposed surfaces of the solid electrolyte
layer 154. The oxygen sensor cell 152 has a pair of elec-
trodes 163 and 164 formed on opposed surfaces of the solid
clectrolyte layer 155. The oxygen concentration cell 153 has
a pair of electrodes 165 and 166 which are formed on a
surface of the solid electrolyte layer 155 exposed to the
measurement gas chamber 158. Specifically, the electrodes

163, 165, and 166 are, as clearly shown in FIG. 14(b),
arranged on the same surface of the solid electrolyte layer
155. One of the electrodes 165 and 166 of the oxygen
concentration sensor 153 1s implemented by an electrode
designed to have a high catalytic activity, and the other is
implemented by an catalytically-inactive electrode. A heater
unit 170 1s joined to an outer surface of the oxygen pump cell
151 which has a heater 171.

The oxygen pump cell 151 works to measure the concen-
tration of oxygen contained in the exhaust gasses. The
oxygen sensor cell 152 produces an electromotive force as
a function of the concentration of oxygen within the mea-
surement gas chamber 158. The voltage 1s applied across the
clectrodes 161 and 162 of the oxygen pump cell 151 so that
the electromotive force produced by the oxygen sensor cell
152 may be kept constant. The quantity of oxygen consumed
by the catalytic active electrode 165 1s greater than the
catalytic mactive electrode 166, so that the concentration of
oxygen near the catalytically-inactive electrode 166 will be
higher than that near the catalytically-active electrode 1635.
This causes an electromotive force which 1s positive on the
side of the catalytically-inactive electrode 166 to be pro-
duced between the electrodes 165 and 166 of the oxygen
concentration cell 153 as a function of the concentration of
a specified flammable gas contained 1n the exhaust gasses.

The A/F sensors 30, 100, and 150 may also be designed
to measure the concentration of a gas other than a specified
component of exhaust gasses of the engine 10.

The operation of gas concentration sensors of types, as
illustrated in FIGS. 13 to 14(b), are well known in the art,
and explanation thereof 1n detail will be omitted here.

While the present invention has been disclosed 1n terms of
the preferred embodiments in order to facilitate better under-
standing thereof, 1t should be appreciated that the mnvention
can be embodied 1n various ways without departing from the
principle of the invention. Therefore, the invention should
be understood to include all possible embodiments and
modifications to the shown embodiments witch can be
embodied without departing from the principle of the 1nven-
tion as set forth in the appended claims.

What 1s claimed 1s:

1. A heater control apparatus comprising;

a control circuit working to control a power supply to a
heater used to heat a solid electrolyte-made sensor
clement of a gas concentration sensor up to a tempera-
ture at which the sensor element 1s activated to provide
a desired gas concentration output;
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a sensor element resistance determining circuit working to
determine a resistance value of the sensor element of
the gas concentration sensor; and

a heater control variable determining circuit determining
a heater control variable for controlling the power
supply to the heater 1in said control circuit based on a
value of an 1ntegral term 1n a control function which 1s
determined as a function of a difference between the
resistance value determined by said sensor element
resistance determining circuit and a target value, said
heater control variable determining circuit putting a
limitation on increasing of the value of the integral term
until the resistance value of the sensor element reaches
a preselected value 1n the course of activation of the
sensor element.

2. A heater control apparatus as set forth in claim 1,
wherein said heater control variable determining circuit sets
the value of the integral term to zero until the resistance
value of the sensor element reaches the preselected value.

3. A heater control apparatus as set forth in claim 1,
wherein said heater control variable determining circuit
determines the heater control variable only using a value of
a proportional term 1n the control function defined in pro-
portional plus integral control until the resistance value of
the sensor element reaches the preselected value in the
course of activation of the sensor element, after which said
heater control variable determmmg circuit determines the
heater control variable using both the proportional term and
the 1ntegral term.

4. A heater control apparatus as set forth in claim 1,
wherein said heater control variable determining circuit sets
the value of the integral term to a value defined near zero
until the resistance value of the sensor element reaches the
preselected value.

5. A heater control apparatus as set forth in claim 1,
wherein said heater control variable determining circuit
resets the value of the integral term when the resistance
value of the sensor element reaches the preselected value
during the activation of the sensor element.

6. A heater control apparatus as set forth 1in claim 1, said
heater control variable determining circuit works to limit a
maximum value of the integral term to a preselected guard
value.

7. A heater control apparatus as set forth 1n claim 1,
wherein said heater control variable determining circuit
determines the heater control variable so as to supply power
to the heater substantially fully at a given initial stage of
increasing temperature of the heater and subsequently deter-
mines the heater control variable using the control function.

8. A heater control apparatus as set forth in claim 1,
wherein said heater control variable determining circuit
increases at least one of gains of the integral term and a
proportional term 1n the control function defined 1n propor-
tional plus integral control when the resistance value of the
sensor element 1s shifted to a side on which temperature of
the sensor element 1s increased out of a controlled range
defined across the target value.

9. A heater control apparatus as set forth in claim 1,
wherein said heater control variable determining circuit
increases at least one of gains of the integral term and a
proportional term 1n the control function defined 1n propor-
tional plus imntegral control based on a temperature-resistance
characteristic of the sensor element within a feedback con-
trolled range 1n which the power supply to the heater 1is
controlled as a function of the difference between the
resistance value determined by said sensor element resis-
tance determining circuit and the target value.
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10. A heater control apparatus as set forth in claim 1,
wherein the gas concentration sensor works to sense an
exhaust gas of an automotive engine.

11. A heater control apparatus comprising:

a control circuit working to control a power supply to a
heater used to heat a solid electrolyte-made sensor
clement of a gas concentration sensor up to a tempera-
ture at which the sensor element 1s activated to provide
a desired gas concentration output;

a sensor element resistance determining circuit working to
determine a resistance value of the sensor element of
the gas concentration sensor; and

a heater control variable determining circuit determining,
a heater control variable for controlling the power
supply to the heater 1n said control circuit based on
values of an integral and a proportional term of a
control function used in proportional plug integral
control which are each determined as a function of a
difference between the resistance value determined by
said sensor element resistance determining circuit and
a target value, said heater control variable determining
circuit increasing at least one of gains of the integral
and proportional terms when the resistance value of the
sensor element 1s shifted to a side on which temperature
of the sensor element 1s 1ncreased out of a controlled
range defined across the target value.

12. A heater control apparatus as set forth in claim 11,
wherein said heater control variable determining circuit
increases at least one of the gains of the integral and
proportional terms based on a temperature-resistance char-
acteristic of the sensor element within a feedback controlled
range 1n which the power supply to the heater 1s controlled
as a function of the difference between the resistance value
determined by said sensor element resistance determining
circuit and the target value.

13. A heater control apparatus as set forth 1n claim 11,
wherein the gas concentration sensor works to sense an
exhaust gas of an automotive engine.

14. A heater control apparatus comprising:

a control circuit working to control a power supply to a
heater used to heat a solid electrolyte-made sensor
clement of a gas concentration sensor up to a tempera-
ture at which the sensor element 1s activated to provide
a desired gas concentration output;

a sensor element resistance determining circuit working to
determine a resistance value of the sensor element of
the gas concentration sensor; and

a heater control variable determining circuit determining,
a heater control variable for controlling the power
supply to the heater 1n said control circuit as a function
of a difference between the resistance value determined
by said sensor element resistance determining circuit
and a target value so as to bring the difference into
agreement with the target value, said heater control
variable determining circuit switching the target value
between an 1nitial value and a final value lower than the
initial value during activation of the sensor element.
15. A heater control apparatus as set forth in claim 14,
wherein said heater control variable determining circuit
switches the target value from the initial value to the final
value when the target value has first overshot the initial
value and reached the initial value again.
16. A heater control apparatus as set forth in claim 14,
wherein said heater control variable determining circuit
switches the target value from the initial value to the final




US 6,573,563 B2
17 13

value after an elapse of a preselected period of time from 18. A heater control apparatus as set forth in claim 14,
when the target value reaches the initial value. wherein the gas concentration sensor works to sense an
17. A heater control apparatus as set forth in claim 14, exhaust gas of an automotive engine.

wherein the 1nitial value 1s defined within a range of the final
value plus 10€2. £ % % k¥
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